Introduction
Radix glycyrrhizae (Glycyrrhiza glabra L.) has been used as medicinal herb for over 2,000 years. In China and Japan, it is used as a raw material in tobacco, food, confectionery, and the worldwide pharmaceutical industry (1) (2) (3) (4) . It is cultivated on a large scale in China. Pesticides are usually applied in the field to eliminate damage and infestation by insects and pathogens. To ensure safe consumption, pesticide residues in the herbs are routinely monitored before putting them on the market.
Carbamate pesticides are efficient broad-spectrum insecticides, similar to organochlorine and organophosphorus (5) . The most widely used method for the analysis of carbamate pesticides is high-performance liquid chromatography (HPLC) with postcolumn hydrolysis and derivatization by fluorescence detection (6) (7) (8) . However, this method is time-consuming and requires skillful additional confirmatory techniques. In recent years, an HPLC-based method combined with sensitive mass spectrometric detection (LC-MS) and versatile tandem mass spectrometry (LC-MS-MS) using multiple reaction monitoring (MRM) mode have both become reliable and acceptable analytical tools for the simultaneous sensitive quantification and the unequivocal confirmation of a wide range of target pesticides in complex matrices. Sample pre-treatment is a crucial procedure in the analytic process, especially when a large number of samples is involved and where rapid extraction becomes even more essential (9) .
The commonly used extraction techniques for pesticides are liquid-liquid extraction (LLE) (10) , solid-phase-extraction (SPE) (11) , solid-phase micro-extraction (SPME) (12) , supercritical fluid extraction (SFE) (13) , microwave-assisted extraction (MAE) (14) , and ASE (15) (16) (17) . Of these methods, ASE is the most suitable for solid and semi-solid samples because it provides advantages such as lower solvent volumes, an automatic procedure for the simultaneous extraction of multiple samples, short sample preparation time, and higher extraction recoveries. It has been accepted as the standard method for solid sample extraction by the U.S. EPA [Method 3545A (18) ]. In the ASE system, conventional solvents at elevated temperatures and pressures are used, resulting in improved extraction kinetics to achieve quantitative extraction from solid and semi-solid samples in a short time with a small amount of solvent (19) (20) (21) (22) .
The extraction step is usually followed by a cleanup procedure. The QuEChERS (quick, easy, cheap, effective, rugged, and safe) method based on DSPE is commonly used. This method has many advantages, including a high recovery of pesticides with a wide range of polarities and volatilities, high sample throughput, smaller volumes of organic solvent and no chlorinated solvents. Very little labor is required, and the safety of laboratory workers is improved (23) (24) (25) (26) . However, little research on ASE in combination with a DSPE cleanup technique for the analysis of carbamate pesticide residues in herbs such as Radix glycyrrhizae has been reported.
This study was designed to develop a rapid, sensitive, and practical analytical method to simultaneously identify and quantify multiple classes of carbamate pesticides in Radix glycyrrhizae. The ASE experimental parameters (i.e., extraction solvent, temperature, extraction time and cycles) were optimized to achieve the maximum extraction efficiencies for carbamate pesticides. DSPE was applied to pre-concentrate and clean up the ASE extracts. The amounts of carbamate pesticide residues were quantified by an ultra performance liquid chromatographyelectrospray ionization tandem mass spectrometry (UPLC-MS-MS) equipped with an electrospray ionization (ESI) source.
Experimental

Reagents and materials
Acetonitrile and ethyl acetate (HPLC grade) were obtained from J.T. Baker (Phillipsburg, PA); analytical grade acetone was purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China); analytical grade formic acid was purchased from Sigma Chemical Co., Ltd. (St. Louis, MO); HPLC-grade ammonium acetate was obtained from Fisher (New York). A milli-Q-Plus ultra-pure water system (Millipore, Milford, MA) provided HPLCgrade water. Sodium chloride (NaCl) was obtained from the National Pharmaceutical Group Chemical Reagent Co., Ltd. (Beijing, China); and the analytical grade sorbents used for QuEChERS (primary secondary amine (PSA, 40-60 µm), octadecylsilane (ODS, 40-60 µm), alumina-N (Al 2 O 3 -N, 150 Mesh), florisil (60-100 Mesh), and graphitized carbon black (GCB)) were purchased from Agela Technologies (Beijing, China).
Standards and samples
15 pesticide standards with purity greater than 95.1% were purchased from Dr. Ehrenstorfer (Augsburg, Germany). The standards are listed in Table I . Individual stock standard solutions of pesticides (approximately 1000 µg/mL) were prepared by dissolving 10 mg of a compound in 10 mL of acetonitrile. Stocks were stored at -20°C. Mixed compound stock standard solutions at a concentration of 10 µg/mL were prepared in acetonitrile and stored in brown bottles at -20°C.
The samples of Radix Glycyrrhizae were purchased from Tong Ren Tang Chinese Traditional Medicine Imports and Exports Co., Ltd. (Beijing, China). The samples were crushed and sieved through a 200-mesh filter and stored at temperatures below 20°C. These samples were used as controls in the spiked experiments because of the absence of phytosanitary treatment in growing and processing.
Instruments and chromatographic conditions
An ASE 300 system (Dionex, Sunnyvale, CA) was used for sample extraction. The ASE 300 was equipped with a solvent controller and AutoASE software. The solvent controller is an easy-to-use module that allows automated solvent mixture and delivery from up to four solvents. The AutoASE software is both a controller and a reporting application software package. The ASE 300 was also equipped with an auto-sampler carousel and a collection tray that allowed 12 separate samples to be extracted sequentially. Stainless steel extraction cells and glass collection vials of 66 and 200 mL volumes were used.
The separation of the analytes from the extracts was performed on a UPLC system consisting of a vacuum degasser, an auto-sampler, a column heater and a binary pump (Acquity Ultra Performance LC, Waters, Milford, MA). The UPLC was equipped with a reversed-phase rapid resolution C18 analytical column of 50 mm × 2.1 mm i.d. with a 1.7 µm particle size (Waters). For each analysis, 5 µL of extract was injected. Mobile phase A consisted of 0.1% (v/v) formic acid and ammonium acetate in water (5 mmol/L); mobile phase B was acetonitrile. All mobile phases were pumped at a flow rate of 0.25 mL/min. The gradient elution program began at 70% A, with a linear decrease to 45% A over 3 min and to 10% A over 6 min. The mobile phase was then kept at 10% A for 0.2 min, followed by a return to 70% A over 7 min, where it was held for 2 min to re-equilibrate the column prior to the next injection. The auto-sampler tray was kept at 10°C.
The UPLC system was connected to a triple quadrupole mass spectrometer (Waters Quattro Premier XE, Manchester, UK) equipped with an electrospray ionization (ESI) interface (Zspray). The system was operated in the positive ion mode, using the following operation parameters: capillary voltage, 3500 V; desolvation gas (nitrogen, 99.999% purity), 50 L/h; cone gas (nitrogen, 99.999% purity), 798 L/h; source temperature, 110°C; desolvation temperature, 350°C; and collision cell pressure, 3.2 × 10 -3 mbar. Optimization of the cone voltage and the collision energy (CE) for each individual pesticide was done by infusion of the pesticide directly into the LC effluent using a syringe pump (Harvard, Kent, UK) at a flow rate of 10 µL/min in the respective mobile phase composition. For instrument control, data acquisition and processing, MassLynx software v4.1 was used. The analytes were measured in the multiple reaction monitoring (MRM) mode using scheduled time windows. The compound-specific mass spectrometry parameters (i.e., fragmentor voltage and collision energy) are summarized in Table I . The total ion current (TIC) chromatograms of 15 carbamate pesticides are shown in Figure 1 .
Sample preparation
Accelerated solvent extractions of Radix glycyrrhizae samples were performed using the ASE 300 system. An aliquot (5 g) of spiked sample or blank sample was put into the 66 mL extraction cell with a cellulose disk at the bottom; the cell was then capped and placed on the extractor. The extraction process was sequentially performed with acetonitrile under the following conditions: extraction temperature, 60°C; extraction pressure, 10.3 MPa; heating time, 5 min; and static extraction period, 5 min. The sample was then rinsed with a cell volume of 60% acetonitrile and purged with nitrogen for 120 s with two static cycles. The extraction efficiencies of three solvent systems were compared under the fixed ASE conditions: acetonitrile, ethyl acetate, and acetone. The extract was transferred to a cone-bottomed flask and condensed almost to dryness on a rotavap at 40°C. The residue was dissolved in 10 mL of acetonitrile. A 1-mL aliquot of the supernatant (acetonitrile phase) was transferred to a 2-mL micro-centrifuge tube containing 20 mg PSA, 50 mg Al 2 O 3 -N and 20 mg GCB and shaken energetically for 1 min. The extract was centrifuged for 5 min at 10,000 rpm. Finally, an extract in 100% acetonitrile was obtained. Prior to analysis, the extract was filtered through a 0.20 µm PTFE filter and transferred to a vial. Five µL of the filtrate was injected into the UPLC-MS-MS. Matrix extracts were used for validation of the method by appropriate spiking with the pesticide mix in the subsequent analysis.
Calibration and quantitation
In order to reduce matrix effects, matrix-matched standards were used in this study. The Radix glycyrrhizae sample was used as the blank for preparation of the standards. To obtain the respective calibration curves, a series of standard solutions containing different concentrations (10, 20, 50, 100, 150, and 200 ng/mL) of target analytes were determined. Eight replications were conducted for each concentration. Peak areas of spiked samples were measured and plotted against the spiked concentration to generate the calibration curves. The extraction, cleanup and analysis procedures were as described above.
Results and Discussion
Selection of extraction solvent
The choice of the solvent is critical for developing a new multi-class, multi-residue method. The extraction solvents most commonly used for multi-residue analysis of pesticides are acetonitrile (27) (28) (29) , acetone (29, 30) , and ethyl acetate (31); each has been shown to give high recoveries of a wide range of pesticides. Therefore, acetonitrile, acetone and ethyl acetate mixture were compared in this study. Of these, the highest extraction efficiencies were achieved with acetonitrile. The results showed that the recoveries of 15 carbamate pesticides spiked in Radix glycyrrhizae samples were significantly different.
Under the same extraction and cleanup conditions, the color sequential brightness of the extract was as follows: ethyl acetate > acetonitrile > acetone. As shown in Figure 2 , the 
Optimization of ASE operating parameters
With the aim of identifying the most efficient conditions, the key parameters of ASE that affect extraction efficiency [extraction temperature, static extraction period and static cycles (19) (20) (21) (22) ], were evaluated. These parameters were optimized in three sets of experiments. Extraction temperature was first optimized while keeping the other parameters constant (extraction pressure, 10.3 MPa; heating time, 5 min; static extraction period, 5 min; flush volume, 60%; purge time, 120 s; static cycles, twice). After determining the optimal extraction temperature of 60°C (Figure 3A) , the optimal static extraction period was determined to be 5 min ( Figure 3B) . Optimization of the static cycle was then evaluated ( Figure 3C) . Finally, the combination of extraction parameters was selected: two static extractions in acetonitrile of 5 min each at 60°C and 10.3 MPa, followed by purging with nitrogen for 120 s.
Optimization of cleanup procedure
The method of DSPE is based on the SPE method. The sorbent in DSPE is added directly to the extract, and the cleanup is easily carried out by shaking and centrifugation. In the SPE method, the column should be conditioned. DSPE, in which the sorbent acts as a "chemical filter" to remove matrix components, is therefore much more convenient than SPE. Nevertheless, it requires the identification of the optimal sorbent combination and determination of the capacity of different sorbents.
Selection of sorbent combination
The cleanup sorbents PSA, GCB, NH 2 , alumina-N, florisol, and ODS were compared. The sorbents PSA and -NH 2 are weak anion exchangers with the ability to remove fatty acids, sugars and other matrix co-extractives. PSA removes more matrix co-extractives than -NH 2 per given quantity, because PSA has both a primary and a secondary amine. ODS is a reversed-phase sorbent that retains lipophilic plant lipids and sterols in fat-containing samples. Alumina-N and florisol are normal-phase sorbents, and their role is similar to ODS. GCB removes planar molecules such as natural pigments (e.g., chlorophyll and carotenoids) from sample matrices (23, 33) . In order to identify the most suitable sorbent combination for maximizing the efficiency of cleanup without affecting recovery, the effects of sorbent type and composition on cleanup efficiency and extraction recovery were evaluated. For improved evaluation, the content of fat in Radix glycyrrhizae was tested according to GB/T 5009. 6-2003 (34) . The fat content of Radix glycyrrhizae was 2.9%, which is higher than the criteria of high and low fat content [2.5% (35)].
According to the results shown in Figure  4 , the DSPE protocol using a ternary mixture of PSA/Al 2 O 3 -N/GCB was the most appropriate sorbent combination for efficient cleanup. The sequential color brightness of the extract was as follows: PSA/Al 2 O 3 -N/GCB > PSA/-NH 2 /GCB > PSA/Florisil/GCB > PSA/ODS/GCB. The efficiency of cleanup was as follows: PSA/ Al 2 O 3 -N /GCB > PSA/ODS/ GCB > PSA/Florisil/GCB > PSA/-NH 2 /GCB. Using the sorbent combination of PSA/Al 2 O 3 -N/GCB, all targets had satisfactory recoveries (ranging from 70-120%). This combination was therefore selected for the subsequent analysis.
Capacity of different sorbents in DSPE
To determine the best sorbent amount for maximizing the effectiveness of cleanup, different amounts of sorbent were investigated. For optimizing the dosage of PSA, 3 recovery experiments were performed, in which dosages of 25, 50, and 100 mg were compared and the dosages of other sorbents (50 mg Al 2 O 3 -N and 20 mg GCB to cleanup 1 mL of the sample extracts) were kept constant. Figure 5A shows the effect of different amounts of PSA on the purification of Radix Glycyrrhizae extracts. All targets achieved satisfactory recoveries (ranging from 70% to 120%) when 20/50 mg PSA in combination with 50 mg Al 2 O 3 -N and 20 mg GCB was used. The recovery of Triallat was less than 70% among the carbamate pesticides when 100 mg PSA was used. Therefore, 20 mg PSA was chosen as the most cost-effective technique. After comparing the cleanup effectiveness of 25, 50, 100, and 200 mg of Al 2 O 3 -N, 50 mg was chosen as the optimal dosage ( Figure  5B ). The optimum GCB dosage was deter- mined to be 20 mg ( Figure 5C ). Based on these results, the DSPE protocol uses the sorbent combination of PSA/Al 2 O 3 -N/GCB (20 mg/50 mg/20 mg per mL of extract) for the efficient removal of various interfering substances in Radix glycyrrhizae extracts.
Analytical method performance
Using matrix-matched standards, the linearity of the method was detected in the range of 10 to 200 ng/mL for all targets with correlation coefficients higher than 0.996 (see Table II ). The limits of detection (LOD) and quantitation (LOQ) for target analytes were calculated when the signal-to-noise ratio was 3 and 10, respectively. The LOD and LOQ obtained for different carbamate pesticides are shown in Table II . The LODs ranged from 0.2-5.0 µg/kg and the LOQs were in the range of 0.7-16.6 µg/kg.
The accuracy and reproducibility of the quantitative method were investigated by means of recovery tests performed on samples of Radix glycyrrhizae spiked with target analytes at three concentration levels: 0.05, 0.1 and 0.2 mg/kg, with eight replicates for each level. Mean recoveries and the corresponding relative standard deviations (RSD) are indicated in Table II . Recoveries ranging from 79.7% to 99.3% with RSD values < 10% were obtained for all the carbamate pesticides studied. The good recoveries and the repeatability of the proposed method make it suitable for the quantification of a wide polarity range of carbamate pesticides present in Radix glycyrrhizae at trace levels.
Application to real samples
In order to investigate the performance of the proposed method, 4 samples collected from different planting areas in China were extracted by ASE using acetonitrile, purified by the DSPE technique and analyzed by UPLC-MS-MS. The results showed that all the Radix glycyrrhizae samples contained detectable levels of one of the target analytes, ranging from 0.004 to 0.016 mg/kg (see Table III ).
The results demonstrate that the recommended method can be used for the trace analysis of carbamate pesticides in Radix glycyrrhizae samples.
Comparison of ASE-DSPE-UPLC-MS-MS with other Published Methods
Table IV summarizes the limit of detection (LOD), analytical period by instrument and volume of organic solvent required in the liquid-liquid extraction (LLE), solid-phase-extraction (SPE), gel permeation chromatographic (GPC) cleanup and DSPE-ASE (represented method) for the extraction and determination of carbamate pesticides in Radix glycyrrhizae samples. The DSPE-ASE method has a low LOD comparable to the LLE, GPC and SPE methods. It has the advantage of using less organic solvent (about 60 mL) than the other kinds of methods. In addition, the analysis time using UPLC-MS-MS was approximately one-half to one-fifth of the other methods. Thus, DSPE-ASE-UPLC-MS-MS is the most efficient method, in addition to being more environmentally benign, for the analysis of carbamate pesticide residues in Radix glycyrrhizae samples.
Conclusions
A simple, sensitive and relatively fast analytical method for carbamate pesticides was developed. DSPE cleanup combined with ASE is a new approach for the extraction of carbamate pesticides in Radix glycyrrhizae samples prior to UPLC-MS-MS. In the present study, four different extraction solvents, three important ASE operating parameters (extraction temperature, static extraction period and static cycles) and six different sorbent materials were compared for their ability to remove interfering materials from the extracts. The proposed method makes simultaneous analyses of 15 pesticides possible, with satisfactory recoveries, low detection limits, high throughput and short analytical time (9 min). This simple, rapid, efficient, and environmentally friendly method facilitates the analysis of carbamate pesticides in herbs such as Radix glycyrrhizae and could be applied to the routine analysis of Radix glycyrrhizae samples. 
